Heat-exchange calorimetry has been extended to the flow type. Two glass vessels for the sample and a reference are fixed separately in a precision water bath. In each vessel, a thermistor, a heater element, an inlet of the solution and an outlet for any overflow are installed. Heat released in the sample vessel is freely exchanged with the ambient water. The temperature in each vessel is observed by a thermistor associated with a Wheatstone bridge. The amplified output is introduced into an analog computation circuit in order to calculate the total heat effect. A constant related to the heat transfer of vessels was theoretically found to be proportional to the flow rate; it was subsequently confirmed experimentally by changing the flow rate from 30 g/min to zero, corresponding to the batch type. Since the constancy of the peristalsis pumps is not satisfactory, the flow rate at every setting is observed by means of time and mass measurements. The necessary evaluations for precision and reproducibility are executed in water by electric heating; successful results were obtained for practical use.
Some flow calorimeters which were designed for specific purposes have been reported.'-4 All of the calorimeters, including the flow type, were generally sophisticated, since it is difficult in calorimetry to construct a thermally closed system. In addition, precise measurements with skilled operations may be necessary.
On the other hand, heat-exchange calorimetry5 with moderate precision and accuracy was proposed in 1972 for measuring directly the heat evolution in liquid-liquid or liquid-solid reactions. The sample and reference vessels are fixed separately in a precision water bath. Any heat released in the sample vessel is freely exchanged with the ambient water. The temperature change in the sample vessel is observed by a thermistor against that in the reference vessel, from which electric signals are obtained via a Wheatstone bridge followed by an analog treatment in order to calculate the total heat effect. The heat-exchange calorimeter has the advantages of being simply assembled in a laboratory, and is characterized by a speedy attainment of thermal equilibrium and easy handling of the measuring system. Injection enthalpimetric analyses were carried out on precipitation reactions. 6 The calorimetry was also applied to thermometric titrations. ' Usually, in thermometric and enthalpimetric titrations, a small amount of concentrated titrant is added to a large amount of dilute titrand, or the solution to be titrated, so as to prevent an increase in the volume and heat capacity. However, in practice, those troublesome difficulties may be caused by the concentrated titrant which the precipitate may be deposited in the titration procedure of less soluble substances, and which a large amount of heat of dilution is concerned. In a previous study', a large amount of dilute titrant equilibrated thermally to the temperature of the bath water was added speedily to the titrand. The effect of the volume increment and the apparent temperature change due to an introduction of the equilibrated titrant were compensated on-line in an analog computation circuit.
Lamprecht8 reviewed his calorimetric studies of the batch type concerning several kinds of chemical oscillation reactions.9 Heat-exchange calorimetry of the batch type was also applied to follow the thermal behavior of Belousov-Zhabotinskii reactions with cerium(IV)/(III) salts used as the catalyst.10'" However, flow experiments with a continuously stirred tank reactor (CSTR), in which reaction substances are continuously supplied, may be preferred to the batch type regarding the stability and duration of the chemical oscillations.
In the present study, the advantage of heat-exchange calorimetry was extended to the flow type, not only for accurately estimating the heat of the reaction, but also to carry out enthalpimetric analyses of the flow type. The Sample and reference vessels (abbreviated as S and R, respectively, and s and r for the physical meaning, respectively) are fixed separately in a water bath. The temperature of the bath water (Ta) is precisely controlled. The heat effect evolved in S, of which endothermic or exothermic evolution is expressed only by the sign, may be freely exchanged with the ambient bath water. In calorimetry, it is assumed that there is no temperature gradient in the water bath, and that both of the vessels and the heat evolved in S are homogenized instantaneously within the vessel.
When a volume increase in S does not occur or is negligibly small, as measuring the Joule heat with an installed heater element and estimating the heat of solution by adding a small amount of solid sample to liquid, the relation between the heat evolving rate (q) and the actual temperature (TS) in S at time t can be expressed by dT/dt = (q/ W) -a(TS -Ta),
where a is a constant related to the heat transfer to the surroundings, and W is the effective heat capacity; this avoids any confusion concerning the capacitance (C) in the analog computation circuit shown in Fig. 1 . From the definition, since a heat-evolution term is not included in R, Eq. (1) corresponds to dTr/dt = -a(Tr -Ta).
The temperature in two vessels was treated differentially as follows: Fig 
Here, p and c are the density and heat capacity of the reaction solution, respectively. From Eqs. (5) and (6), Eq. (7) may be given for the heat-exchange calorimetry of the flow type in contrast to Eq. (4),
If the right-hand terms in Eq. (7) are rewritten as (q/ W)-AT, plots of A against v may have a linear relation. The intercept of ao corresponds to a in batchtype calorimetry. The slope of pcl(WV) was a constant in the same flow run, but inversely proportional to V of the vessel used.
In the actual instrumentation of Eq. (4) or Eq. (7), TS and Tr of Eq. (3) were observed via two thermistors installed in each vessel. The characteristics of the resistance to the temperature in two thermistors were selected so as to be as similar as possible. The observed signals, Os and Or, corresponded to TS and Tr, respectively. The relation between T and 9 can be expressed by
The following equation obtained by combining from Eqs. (1) and (3): 
On the other hand, the relation between the input voltage (Ei) and output voltage (E0) in the operational amplifier circuit shown in Fig. 1 can be expressed as follows based on fundamental knowledge concerning electronic circuits:
By comparing Eq. (9) with Eq. (10), it is found that 6 may be proportional to E; and Q to Eo, provided that the relations /3 = (R1 Cl)-1 and a = (R2 C2)-1 are valid. Therefore, Q may be estimated as Eo using Eq. (10) or the analog circuit shown in Fig. 1 from El of the observed electronic signals.
If the variable resistor (R2 in the analog circuit) or (R2C2)-1 is adjusted correctly to a, which changes with v, the Q appropriate for each v may be estimated by the analog computation circuit.
Experimental

Reagents and apparatus
Deionized water was used in all examinations. The fundamental composition of the assembled flow calorimeter is shown in Fig. 2 , in which two vessels and the flow system are illustrated exaggeratingly. An acryl box 30X30X45 cm3 in size was used as the water bath; all of its surfaces were covered with thermally insulating boards 2.8 cm thick. The bath water (36 dm3) was maintained at 25.0±0.1 ° C by a temperature controller (CTE 220, Taiyo Kogyo Co., Tokyo) and agitated continuously with a motor-driven stirrer (30W, LT-31, Yamato Kagaku Co., Tokyo). Sample and reference vessels made of glass, which were placed on each magnetic stirrer of the submarine type (M-3, Iuchi Seieido Co., Tokyo), were fixed in the water bath. The geometric configuration in each vessel was fixed in the order of the sample solution inlet, electric heater element, thermistor as a temperature sensor and overflow outlet in connection with the rotation of the stirrer. The insides of the two vessels (shown exaggeratingly in Fig. 3 ) were made as similar as possible, and the effective heat capacity was also minimized as much as possible.
The reaction solution was introduced to S using a peristalsis pump (MP-3, Eyela Microtube Pump, Tokyo Rika Kikai Co., Tokyo) via silicone tubing (1.5 mm, 3 mm and 5 mm inside diameter and 5 m length) held in the water bath so as to prevent any pulse component in the flow and to make the solution establish thermal equilibrium. The reference solution was similarly introduced to R. In both solutions, flow rates from 1.5 to 30 g/min were estimated based on time and mass measurements.
The heater element installed in each vessel for measuring the Joule heat comprised a resistor (1 / 8 W, 985 Il) coated with an epoxy-resin paste. The constant B and the resistance (R) of the thermistor, which are defined as R=A exp(BT-1), were observed for a pair used in S and R (MB, Takara Kogyo Co., Tokyo). The B constants for S and R were 3455.0 K and 3455.3 K, respectively, and their resistances were 5.605 kfl and 5.586 kIl, respectively, at 25.0° C.
The electric signal (E;) was obtained as the output of the Wheatstone bridge followed by a preamplifier (PM-16A, Toa Dempa, Co., Tokyo), and then introduced as an input signal to an analog computation circuit. Eo was monitored with a Y-t recorder (R-02, Rika Denki Co., Tokyo). equilibrium of the flow system in the water bath and warming up of the electric circuits might be attained after 40 min or more. Then, based on a trail of Eo vs. t on the recorder chart observed by electric heating, the time constant of R2C2 in the analog computation circuit was adjusted so as to coincide with the constant (a) of the calorimeter by turning variable resistor (R2). The adjusted analog circuit was used for a caloric evaluation of a heat-exchange calorimeter of the flow type.
Results and Discussion
Flow from a peristalsis pump is pulsed by nature. In the calorimeter, soft silicone tubing of 5 m length was wound in a frame so as to be held in the water bath for the sake of both keeping the solutions at thermal equilibrium and improving the pulse in the flow. The extent of the pulse in some flow rates was measured by inserting a simple T tube both before and after the silicone tubing. The peak-to-peak difference of the pulse decreased from 4-6 mm to 0 mm for a v of 30 g/min or less. On the other hand, at extremely high speeds, which may not be used in practical experiments, it decreased only from 10 mm to 4 -5 mm. Although the constancy of v for a sufficiently long duration of pumping was within 0.4% or less for 10 settings of the silicone tubing to the pump, the repeatability was about 6% for several values of v. Therefore, the vs and yr for S and R, respectively, should be accurately measured for every setting.
In heat-exchange calorimetry, analog computation is usually utilized to calculate Q from the observed 0, according to the right-hand side of Eq. (9). Microcomputer-aided automation and digital calculations were also carried out previously for the calorimetry.12 However, in the present work, an analog computation circuit was also preferred to microcomputer-aided calculations for such a simple circuit as that shown in Fig. l and for an easy understanding through the entire system.
The constant a, which is used to express the heatexchange efficiency of S and R, may be changed for v, as shown in Eq. (7) . The linear relation between a and v was examined by the following two methods.
First, Eq. (4) can be solved mathematically, provided that q/ W is a constant, which can scarcely be realized in actual chemical reactions. The T-t curve observed by electric heating exponentially approaches the baseline in the cooling region. The constant may be estimated as shown in Eq. (11) from the cooling region, or an exponentially descending region on the T-t curve: a = (ln Tn -In Tn+1)/(tn+l -tn),
where n is an integer. The 8-t curve in the cooling region may be approximated mathematically to that of T vs. t. Several E;-t curves for 6 values of v5 were recorded, and many pairs of El and t were read on the chart as distance from the baseline. At inlet flow rates (vs) of 0, 1.82, 7.50, 13.49, 20.20 and 27.80 g/min, a was ANALYTICAL SCIENCES DECEMBER 1994, VOL. 10 estimated to be 0.008431, 0.009755, 0.01202, 0.01428, 0.01627 and 0.01824 s-1, respectively, for a V of 50.86 cm3. The standard deviation of each observed a was within a few percent or less, and 1.63% at vs=0, which means batch-type calorimetry. The relation of a vs. vs was calculated to be a=3.477X 10-4vS+9.063X 10-3 with a correlation coefficient of 0.985. The linear relation between a and vs was indicated to be valid. Secondly, a may also be estimated as the reciprocal of the time constant ((R2C2)-1) in the circuit shown in Fig. 1 , because (R2C2)-1 should be adjusted so as to be equal to the a of the calorimeter to calculate Eq. (9) from Eq. (10). Actually, the knob of variable resistor (R2) was turned on the panel so as to adjust the time contstant to a, in order that the E0-t record or Q-t record by electric heating could comprise three straight lines, such as the preheating baseline, the heating period and the holding-Q period. The (R2C2)-1 values were observed to be 0.009876, 0.01213, 0.01321, 0.01398, 0.01513 and 0.01982 s-1 at vs of 0, 4.64,10.22,12.71,18.51 and 28.19 g/ min, respectively. Plots of (R2C2)-1 against vs was linear for a V of 50.86 cm3, as shown by (R2C2)-1=3.287X 10-4vs+9.955X 10-3 with a correlation coefficient of 0.971.
The linear equation Y=3.400X 10-4vS+9.485X 10-3 with a correlation coefficient of 0.968 was obtained from plots of a and (R2C2)-1 against vs.
The slope of the linear expression, 3.400X104, should be increased for a smaller content of the vessel, because the slope may be inversely proportional to V, as shown from the second term in the right-hand side of Eq. (7) . The same observations and plots were executed with 34.48 cm3 of a smaller vessel. The corresponding linear expression was estimated to be Y 4.060X 10-4vs+9.511 X 10-3 with a correlation coefficent of 0.968. As for two vessels different in V, the ratios in 1 / Vand in the slope of the estimated expressions were 1:1.48 and 1:1.19, respectively. The relation was not inconsistent with Eq. (7) .
If the heat which evolved in the vessel was exchanged only through the side wall, not through the ceiling or the bottom of the vessel, the a-vs.-v relation may depend on the degree of heat exchange through the wall. In the range of v from 0 to 30 g/min, the heat-exchange efficiency of three vessels with thin (A), middle (B) and thick (C) walls with ambient water was examined. Plots of the observed a vs. v for each vessel were linear, as shown as A, B and C in Fig. 4 . The fitted lines were a=3.920X 10-4vS+9.609X 10-3 (R=0.968) for A, a=3.477X 10-4vS+9.063X103 (R=0.985) for B and a=2.849X 10-4vS+6.329X10-3 (R=0.989) for C, respectively, where R is the correlation coefficent. Reasonably, the a of the thick vessel was qualitatively smaller than that of the thin vessel.
The assembled heat-exchange calorimeter of the flow type was examined for precision by evolving Joule heat in the range from 3 to 70 J for each v of 0, 6.63±0.05, 15.95±0.12 and 25.29±0.19 g/min. Several kinds of Q were measured 23 or more times as the height or distance between the pre-heating baseline and the holding-Q stage on the strip chart of an analog Y-t recorder. The observed reproducibility of Q in J/ cm against v is shown in Table 1 , in which only the standard deviation (written in %) was indicated in the grouping from the heat extent. As for such a smaller heat effect as ca. 3 J, and such a larger flow rate as 25 g/min, the standard deviation was larger than 1%. However, the calorimeter may be considered to be satisfactory for practical use.
The heat-calibration value (h) in J/cm with the standard deviation (in %) was estimated for 4 values of vs to be 5.514±0.043 (0.78%), 6.401±0.062 (0.97%), 7.036± 0.093 (1.32%) and 8.585±0.198 (2.31%), respectively, which were shown to have a linear relation of h= 0.1157vs+5.499 with a correlation coefficient of 0.972. As for the time constant (R2C2), adjusted to the a of the calorimeter, R2 was practically diminished along with an increase in vs, so that R2/R1 in Eq. (10) made the output (E0) small, and the distance between the pre-heating baseline and the holding-Q period on the chart was shortened for the same heat. Therefore, the obtained h (in J/cm) increased linearly with the flow rate. The heat-exchange calorimeter of flow type assembled in the present work may also be easily used as that of the batch type. Examinations of the batch-type calorimeter were also reported as v=0.
In the future, the authors may apply the flow-type calorimeter in order to estimate the thermal behavior of chemical oscillation reactions in CSTR. 
